Background. Advances in analytical methods of the epicardial electrical potentials allowed us to demonstrate spatial distributions of local recovery. Because local recovery will be reflected in events on body surface ECG mapping, abnormalities in recovery sequence that may be responsible for the origin of negative T waves can be detected from body surface potentials.
It is accepted that the T wave originates from an inhomogeneous electrical recovery of the ventriclel-3 and that T wave inversion is intimately related to the presence of delayed recovery resulting from various pathological states.3,4 The presence of myocardial infarction (MI) or left ventricular hypertrophy (LVH) frequently accompanies negative T waves. Although pathological events based on negative T waves are quite different between MI and LVH, differentiation of these diseases solely on the basis of conventional ECGs is occasionally difficult.
A series of experimental5-7 and simulation8 studies indicated that the time instant of maximal dV/dt in the ST-T segment on epicardial unipolar electrograms closely corresponds to the instant of local ventricular recovery. Namely, the activation recovery intervals defined as the duration between the activation time and the recovery time correlated well with action potential
From the First Department of Internal Medicine, Yamagata durations during cycle length changes,67 norepinephrine infusion,6 sympathetic nerve stimulation,67 and myocardial ischemia. 7 Recently, body surface mapping, which can clarify the changes in local electromotive force,9-19 has enhanced the diagnostic performance of ECG when it was applied to patients with myocardial infarction,9-'3 effort angina pectoris,'6 LV hypertrophy,'7 or accessory atrioventricular pathways. 18"19 In the present study, we measured body surface recovery time, which we designated "Tmax time," as the index of local recovery. Recovery sequence estimated from body surface potentials was studied in patients with MI and LVH in reference to the characteristics of negative T waves. We were intrigued by the possibilities that the T wave shape depends on the mode of recovery sequence and that the body recovery sequence could differentiate negative T wave in patients between MI and LVH.
Methods

Normal Subjects
Forty-four normal male volunteers aged 22-51 years (mean, 32 years) were studied. None of the volunteers had any history of cardiac disorders or systemic arterial hypertension. All of them showed normal physical examination and 12-lead ECG findings.
Patients With Negative T Waves
Sixty-one consecutive patients with anterior MI or LVH accompanying negative T waves in all leads from V4 to V6 were enrolled in the present study. The criterion for the negative T waves was T negativity with amplitude >0.2 mV.
Anterior MI. Forty anterior MI patients aged 35-70 years (mean, 56 years) satisfying the following criteria were defined as the infarction group: 1) a clinical diagnosis of MI accompanying typical chest pain and serum enzyme changes; 2) no other heart disease such as congenital heart disease, myocardial disease, valvular heart disease, or hypertensive heart disease; 3) no conduction disturbances such as bundle branch block or Wolff-Parkinson-White syndrome; and 4) abnormal Q waves in V2 and V3 but no abnormal Q waves in II or aVF. All patients in the infarction group underwent diagnostic cardiac catheterization within 2 weeks before or after the map recording.
LVH. The LVH group consisted of 21 patients with increased LV wall thickness (septal thickness .13 mm or posterior wall thickness > 13 mm) on echocardiography, including 19 patients with hypertrophic cardiomyopathy and two patients with hypertensive heart disease. Their age ranged from 16 to 70 years (mean, 48 years), and patients in this group satisfied the following criteria: 1) no other heart disease such as congenital heart disease or ischemic heart disease, 2) no conduction disturbances such as bundle branch block or WolffParkinson-White syndrome, and 3) no enlargement of the right ventricular dimension (>27 mm) as estimated by an M-mode echocardiogram.
All normal subjects and patients with negative T waves gave their informed consent to the procedures before the study commenced. Body Surface Mapping
Recording. Body surface mapping was done with a body surface potential mapping system, the HPM-5100 unit (Chunichi Denshi Co., Nagoya, Japan).20 This system consisted of a 96-channel amplifier, sample-hold circuit, multiplexer, A-D converter, 48-kbyte random access memory, and eight-bit microprocessor. Resolution of the system was 0.01 mV, with a dynamic range of +5 mV. Eighty-seven body surface leads were arranged on each patient's body in a lattice-like pattern (13 x 7 matrix) except for the lead points in the midaxillary line. The body surface leads covered the entire thoracic surface (59 leads located on the anterior chest and 28 leads on the back; Figure 1 
Front Back FIGURE 1. Plot of electrode sites on the body surface. Each ECG lead is represented by a dot. Eighty-seven lead points were arranged in a lattice (13 x 7 matrix) except forfour lead points in both midaxillary regions and covered the entire thoracic surface. Columns A, E, and I were positioned on the right midaxillary, midsternal, and left midaxillary lines, respectively. Columns B-D and F-H were evenly spaced between columns A-E and E-I, respectively. Column J was located so as to make the distance between columns I and J equal to that between H and I. Column M was located so as to make the distance between columns A and M equal to that between A and B. Columns K and L were evenly spaced between columns J and M. Lead points E6 and E4 were located on the second andfifth intercostal spaces, respectively. Row 5 was located equidistant between rows 6 and 4. Rows 7 and 3-1 were located so as to make the distance between adjacent rows equal.
Maynard, Mass.)17 to which a laser printer (LBP-406, Canon, Tokyo, Japan) and a high-resolution graphic terminal (System-3400, Lexidata, Billerica, Mass.) were connected.
Data Analysis
The QRS onset, QRS offset, and T offset were visually determined from the superimposed Frank X, Y, and Z leads and spatial magnitude. We calculated the mean potentials of the T waves in each subgroup (normal, anterior MI, or LVH) to which QRS offset was assigned as the reference point for averaging potentials in each study group. The following parameters were measured on each lead of each patient's ECG and of group mean ECG: positive T wave amplitude, negative T wave amplitude, and integral of T potentials during the ST-T segment (the segment from QRS offset to T offset). The positive T wave amplitude was measured as the maximal positive amplitude, and negative T waves were measured as the maximal negative amplitude with respect to the horizontal line through the TP segments. The TmJ: time was defined as the instant of maximal dV/dt near the peak T wave, in which QRS onset was assigned as time zero. Appropriateness of the Tm, time measurement was checked in each lead on a highresolution graphic terminal displaying ECGs and their first derivatives. When the computer determined the wrong time, the cursor was manually moved to the peak of the first derivative of the T wave. The number of inappropriate time determinations was usually two or three leads out of 87 leads, and these resulted from a noise that made another peak on the first derivative or ST elevation that obscured the peak of the first derivative. For the latter case, we took the Tmax time as the point beyond which the T wave slope became negative, according to Haws For statistical analysis, we used two-way ANOVA to analyze differences in Tmax time and the T wave parameters between anterior MI and LVH. In the analysis, the parameters were Tmax time, positive T wave amplitude, negative T wave amplitude, and T integrals, and examined factors were the subgroups studied and the lead points. The differences in parameters between subgroups were determined independently of the effect of the lead point difference. Linear regression analysis was applied to examine the relation between Tmax time and T wave parameters on the group mean ECGs. A value of p<0.05 was considered significant.
Results
Recovery Time Distribution
The mean Tma, time map obtained from normal subjects is shown in the upper panel of Figure 2 . The earliest Tmax times appeared on the upper anterior chest. The isochrone lines propagated toward the lower left lateral chest and then toward the left side of the back.
The Tm.. times on the right shoulder area were much delayed.
In the anterior MI group (Figure 2, middle panel) , the latest Tmax times of about 360 msec were detected preferentially on the upper left anterior chest. The earliest Tma times were noted on the lower right lateral chest, whereas the latest Tma, times were distributed close to the area with earliest Tmi.X times.
In the LVH group (Figure 2, lower T Wave Shapes The mean T waves of the normal subjects are shown in Figure 3 . Positive T waves were observed mainly on the left anterior chest and on the lower thorax. The highest peak of positive T wave was located on lead Fs, where the earliest Tma, time was noted. The negative T waves were located mainly around the right shoulder area. The deepest negative T wave was recorded on lead D7, where the latest Tmax time was detected.
In patients in the anterior MI group, negative T waves occurred on the upper left anterior chest, where the latest Tm.x times coincided topographically ( Figure   4 ). The positive T waves were located mainly on the right anterior chest and on the lower thorax. In patients in the LVH group, negative T waves were detected on the left lateral chest, where the latest Tax times were observed ( Figure 5 ). The positive T waves were noted on the right anterior chest and the right back, including the right shoulder.
The negative T waves in the LVH group tended to be detected in the left downward direction compared with those in the anterior MI group. Two-way ANOVA (Table 1 ) indicated a significant difference in positive T wave amplitude or negative T wave amplitude between two negative T groups (each, p<0.0001).
Relation Between Tmax Time and T Wave Shape
In normal subjects, Tmax times were closely correlated with the amplitudes of positive T wave (r=0.85) or amplitudes of negative T wave (r=0.81) and the integrated potentials during the ST-T segment (r=0.82). The Tmax time in the anterior MI group was also closely correlated with the amplitudes of negative T wave (r=0.78) or the integrated potentials of the T waves (r=0.77). Correlation with the amplitudes of positive T wave was not high (r=0.34). The Tma, times in the LVH group correlated with the amplitudes of negative T waves and the T integral values (both r=0.75), whereas We previously demonstrated that the body surface ECG measurement of activation time, which was defined as the time of minimal dV/dt in the QRS complex, was clinically useful for recognizing noninvasively the local abnormalities in the activation sequence.16"17,2' Theoretically, the cardiac generator can be viewed as a dipole consisting of a positive and a negative charge separated by a small distance. During activation, when the excitation approaches, the electrical potential shows a positive deflection. When it passes and recedes, the deflection rapidly becomes negative and then returns to baseline. Therefore, the instant of maximal derivative of ECGs was used as an index of local activation. The difference in Tm0,, time measured as the time of maximum dV/dt of the T wave would be that it is largely passive, has slow velocity, and is of opposite polarity. Because of the opposite polarity in repolarization, maximal dV/dt should be used as a measurement.
Millar et a16 and Haws and Lux7 described the relation between the recovery time and local repolarization in an experimental model. They found a very high correlation (r=0.99) between the activation recovery intervals and refractory periods or transmembrane action potential durations. They also found high correlations not only during cycle length change, norepinephrine infusion, or sympathetic nerve stimulation, but also in ischemia. Chen et a14 showed a high correlation between epicardial activation recovery interval and monophasic action potential duration on the right ventricle in patients with right ventricular hypertrophy. Some concern may be raised regarding the accuracy in the present estimation of local recovery by the peak of T wave derivatives. A simulation study carried out by Steinhaus8 suggested that errors can be made in the measurement of the recovery time when the cardiac generator includes nonuniform propagations. Nevertheless, the reported estimations of recovery time from epicardial potentials in ischemia7 and hypertrophy,4 which obviously include the nonuniform propagation, were sufficiently accurate in predicting a local recovery. Another methodological concern was the accuracy of estimation of the recovery sequence from body surface potentials. Burgess et a122 measured the recovery times recorded from distant electrodes in a model of an isolated dog heart placed in a tank filled with a conductive water. They concluded that recordings from distant leads (4.5 cm from the cardiac surface) still electrically represent details of the local recovery, and they suggested the possibility of applying this concept to body surface potentials.
Body Surface T, Time Distribution
Regional differences in the local electrical recovery were clearly shown in normal subjects. Early recovery was detected on the upper anterior chest, and delayed recovery was reflected on the left lateral chest. Toyoshima et al23 constructed an epicardial isochrone map of recovery time estimated from multiple records of monophasic action potentials. They noted an early recovery at the base and a delayed recovery at the apex. Accordingly, the body surface distribution of recovery time is assumed to reflect regional differences in epicardial distribution of the recovery time. The right shoulder area, where the ECG reflects the potentials of the endocardial surface of the LV apex, corresponded to the area with markedly delayed Tma,, time. This suggests a delayed recovery at the endocardium of the LV apex.
We observed delayed Tmax, times on subjects (r=0.85) . This discrepancy may be explained by the presence of injury currents reflecting the presence of ST elevation. Such effects were less marked in the LVH group and were not present in normal subjects.
The delayed Tmax times in the LVH group were distributed in a left downward direction compared with the anterior MI group. The regional differences in Tmn times between the two groups were accompanied by regional differences in positive and negative T wave amplitudes. The present finding suggested a difference of the location relating to abnormal repolarizations. Namely, we think that it will be rational to determine negative T waves in MI and LVH on the body surface mapping. In particular, the Tmax time might be the most effective parameter for separating MI and LVH. However, further examination will be required to clarify this point.
